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ABSTRACT
High spectral resolution mid-IR observations of ethylene (C2H4) towards the AGB star IRC+10216
were obtained using the Texas Echelon Cross Echelle Spectrograph (TEXES) at the NASA Infrared
Telescope Facility (IRTF). Eighty ro-vibrational lines from the 10.5 µm vibrational mode ν7 with
J . 30 were detected in absorption. The observed lines are divided into two groups with rotational
temperatures of 105 and 400 K (warm and hot lines). The warm lines peak at ≃ −14 km s−1 with
respect to the systemic velocity, suggesting that they are mostly formed outwards from ≃ 20R⋆. The
hot lines are centered at −10 km s−1 indicating that they come from a shell between 10 and 20R⋆.
35% of the observed lines are unblended and can be fitted with a code developed to model the emission
of a spherically symmetric circumstellar envelope. The analysis of several scenarios reveal that the
C2H4 abundance relative to H2 in the range 5− 20R⋆ is 6.9× 10
−8 in average and it could be as high
as 1.1 × 10−7. Beyond 20R⋆, it is 8.2 × 10
−8. The total column density is (6.5 ± 3.0) × 1015 cm−2.
C2H4 is found to be rotationally under local thermodynamical equilibrium (LTE) and vibrationally
out of LTE. One of the scenarios that best reproduce the observations suggests that up to 25% of the
C2H4 molecules at 20R⋆ could condense onto dust grains. This possible depletion would not influence
significantly the gas acceleration although it could play a role in the surface chemistry on the dust
grains.
Subject headings: line: identification — line: profiles — stars: AGB and post-AGB — stars: carbon
— stars: individual (IRC+10216) — surveys
1. INTRODUCTION
The planar asymmetric top molecule ethylene (C2H4)
is the simplest alkene with a double bond linking the
carbon atoms. Due to its chemical reactivity, ethy-
lene is one of the most important organic molecules ex-
pected to arise in a C-rich circumstellar environment
(Millar et al. 2000; Woods et al. 2003; Cernicharo 2004;
Agu´ndez & Cernicharo 2006). Ethylene can be involved
in the growth of hydrocarbons and in the formation of
PAHs or dust grains (Contreras et al. 2011).
Despite the importance and reactivity displayed on
Earth and its detection in different objects of the so-
lar system (e.g., Encrenaz et al. 1975; Kim et al. 1985;
Schulz et al. 1999), to date ethylene has been definitively
detected beyond the solar system only in the circum-
stellar envelope (CSE) of the C-rich Asymptotic Giant
Branch star (AGB) IRC+10216 based on the observation
of several ro-vibrational lines of the ν7 band centered at
949 cm−1 (≃ 10.5 µm; Betz 1981; Goldhaber et al. 1987;
Hinkle et al. 2008). The scarcity of detections can be
attributed to the lack of a permanent dipole moment,
which results in the absence of a rotational spectrum
in the mm wavelength range. Hence, the only possible
observation of ethylene is through its vibration-rotation
lines in the mid-IR.
IRC+10216 is the most extensively studied AGB star
4 Visiting Astronomer at the Infrared Telescope Facility,
which is operated by the University of Hawaii under contract
NNH14CK55B from the National Aeronautics and Space Ad-
ministration.
5 Deceased
due to its proximity (≃ 120 pc; Groenewegen et al.
2012), and its chemical richness (e.g., Cernicharo et al.
1987, 1989, 2000, 2015b; Hinkle et al. 1988;
Bernath et al. 1989; Gue´lin & Cernicharo 1991;
Keady & Ridgway 1993; Kawaguchi et al. 1995;
He et al. 2008; Patel et al. 2011; Agu´ndez et al. 2014).
Surprisingly in this chemically complex circumstellar
environment only a handful of the molecules detected are
known to arise in the zone of gas acceleration between
the stellar photosphere and ≃ 20 R⋆, i.e. ≃ 0.
′′4 ≃ 50 AU:
CO, HCN, HNC, C2H2, CS, SiO, SiS, SiC2, and Si2C
(e.g., Keady et al. 1988; Keady & Ridgway 1993;
Boyle et al. 1994; Cernicharo et al. 1999, 2010, 2013,
2015b; Fonfr´ıa et al. 2008, 2014, 2015; Decin et al.
2010a; Agu´ndez et al. 2012). The gas acceleration
process produces complex line profiles resulting from the
combination of the molecular emission/absorption and
the gas velocity field. These profiles can be modeled to
derive the molecular abundances as a function of the
distance to the star. In contrast, the radii where the
spectral lines of some other molecules, for instance NH3,
SiH4, H2O, or C2H4, are formed is still poorly known
since they seem to arise after the gas has reached the ter-
minal expansion velocity (& 20 R⋆; Keady & Ridgway
1993; Hinkle et al. 2008; Decin et al. 2010b). This fact
produces much simpler line profiles with little kinetic
information.
In this paper, we analyze high-resolution mid-IR spec-
tra of IRC+10216 in the spectral range 10.45−10.60 µm.
A preliminary discussion of the observations can be found
in Hinkle et al. (2008). In the next section we discuss
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the observations and the line identifications. The model-
ing of circumstellar envelope and the spectroscopic data
used during the fitting procedure are included in Sec-
tion 4. The results derived from the fits are presented
and discussed in Section 5.
2. OBSERVATIONS
The observations were carried out with the Texas Ech-
elon Cross Echelle Spectrograph (TEXES; Lacy et al.
2002) mounted on the 3 meter NASA Infrared Telescope
Facility (IRTF) on April 7, 2007 and May 29, 2008.
TEXES was used in the high-resolution mode with a
resolving power R ≃ 100, 000. IRC+10216 was nod-
ded along the slit for sky subtraction. A black body-
sky difference spectrum was used to correct for the at-
mosphere. The data were reduced with the standard
TEXES pipeline. We normalized the spectrum acquired
with each setting by removing the baseline with a 5th
order polynomial fit. The wavenumber scale has been
set by sky lines.
The 2007 spectrum was observed from ≃ 924 to
959 cm−1 using 11 different grating settings. The obser-
vations were planned so the wavenumber coverage over-
lapped at each setting by approximately 50%. Thus the
entire spectrum was observed twice. Each exposure cov-
ers about 5 cm−1 and 8 echelle orders. More than 80
segments of spectra had to be assembled into the final
spectrum. All the segments were plotted and sections of
the orders that were near the edges and did not flat field
properly were removed. The overlap of the spectra was
not perfect so there are small gaps. Due to the trimming
of bad sections the S/N is not uniform across the entire
region observed.
Examination of the spectra showed that the ethy-
lene lines are indeed very weak as reported more than
30 years ago by Betz (1981) and a few years later by
Goldhaber et al. (1987). Typical depths of the strongest
lines are less than 1% of the continuum. To improve the
S/N, additional time was obtained in the 2008 observ-
ing season. This data were obtained in the same way as
2007 but only covered the 944 to 959 cm−1 region. The
signal-to-noise of the 2007 and 2008 spectra was similar
so the two years were combined into the final observed
spectrum. We estimate the RMS of the random noise of
the spectrum to be ≃ 0.05% of the continuum emission.
The observed spectrum is not corrected for telluric con-
tamination, which accounts for the strongest and promi-
nent lines of CO2 and H2O (Fig. 1). Although weaker
telluric lines are also present blocking some features com-
ing from IRC+10216, 80 C2H4 lines of the fundamental
band ν7 with J ≤ 30 have been detected. About 35% of
them are not blended and can be properly analyzed. Al-
though several lines of the fundamental bands ν4 and ν10
fall within the observed spectral range, none of the lines
of these bands is above the detection limit (3σ ≃ 0.15%
of the continuum). No lines of hot or combination bands
of the normal mode ν7 (e.g., 2ν7− ν7 and ν7+ ν10− ν10)
have been found above the detection limit in this spec-
tral range, either. These lines involve ro-vibrational lev-
els with energies & 1200 K (e.g. Oomens et al. 1996),
barely populated in the mid and outer envelope where
C2H4 is expected to exist (Cherchneff & Barker 1992).
In addition to C2H4 and telluric lines, we were able to
identify the ν2 aR(0,0) line of NH3 at 951.8 cm
−1 and
a number of lines from SiH4 between 944 and 947 cm
−1
(Gray et al. 1977; Pierre et al. 1986).
We used the low spectral resolution ISO/SWS obser-
vations carried out on 1996 May 31 (Cernicharo et al.
1999) to determine the properties of the dusty envelope.
The uncertainty of these observations due to noise and
the calibration process is estimated to be ≃ 10%.
3. C2H4 SPECTROSCOPIC CONSTANTS
The rest frequencies of the observed ethylene lines and
their intensities were taken from the HITRAN Database
2012 (Rothman et al. 2013). C2H4 is an asymmetric top
molecule with 12 vibrational modes. Only the infrared
active fundamental bands ν10, ν7, and ν4, with energies of
825.9, 948.8, and 1025.6 cm−1, have lines in the observed
range (e.g., Ulenikov et al. 2013). The ν7 band detected
in our spectra corresponds to the out-of-plane bending
mode.
The partition function was computed by direct sum-
mation over all the rotational levels with J . 40
of a number of vibrational states. The energy of
the vibrational states and the rotational constants in-
volved in the calculation of the partition function
(Evib . 5200 K) were retrieved from the HITRAN
Database 2012, Oomens et al. (1996), Sartakov et al.
(1997), Willaert et al. (2006), Loron˜o-Gonza´lez et al.
(2010), Lafferty et al. (2011), Lebron & Tan (2013a),
Lebron & Tan (2013b), Lebron & Tan (2013c), and
Ulenikov et al. (2013). The energy of the rotational lev-
els for each vibrational state was calculated by diago-
nalizing the Watson’s Hamiltonian in its A-reduction Ir
representation, suitable to describe the C2H4 rotational
structure (e.g., Lebron & Tan 2013a; Ulenikov et al.
2013). The number of vibrational states required to cal-
culate the partition function in warm regions of the en-
velope is less than 5 while up to some tens were neces-
sary in hotter regions. The partition function calculated
under local thermodynamical equilibrium (LTE) and a
kinetic temperature of 296 K is 1.09× 104, in very good
agreement with previous calculations (Blass et al. 2001;
Rothman et al. 2013).
The optical constants needed to calculate the opacity
of dust grains were taken from Rouleau & Martin (1991)
for amorphous carbon and from Mutschke et al. (1999)
for SiC.
4. MODELING
The modeling process was done with the code devel-
oped by Fonfr´ıa et al. (2008), which numerically solves
the radiation transfer equation of a spherically symmet-
ric envelope composed of gas and dust in radial expan-
sion. It was successfully used to analyzed the mid-IR
spectra of C2H2, HCN, SiS, C4H2, and C6H2 at 8 and
13 µm towards IRC+10216 and the proto-planetary neb-
ula CRL618 (Fonfr´ıa et al. 2008, 2011, 2015). A detailed
description of the code can be found in Fonfr´ıa et al.
(2008) and Fonfr´ıa et al. (2014).
In order to analyze the C2H4 lines identified in the
spectrum, we adopted the envelope structure and expan-
sion velocity field derived by Fonfr´ıa et al. (2015) from
the modeling of the SiS emission. The envelope is com-
posed of three Regions (I, II, and III) ranging from 1
to 5R⋆, from 5 to 20R⋆, and from 20R⋆ up to the ex-
ternal radius of the envelope, Rext. This parameter was
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Fig. 1.— Observed spectrum against rest frequency. The spectral resolution is ≃ 3 km s−1. The gray dashed-dot and dashed horizontal
lines indicate the continuum and the detection limit (3σ ≃ 0.15%). The labels of the telluric lines are plotted in black. The lines of C2H4
and NH3 produced in the envelope of IRC+10216 undoubtedly identified are plotted in blue and green, respectively. The features labeled
with magenta comprises C2H4 lines that could be fully blended with other unknown lines or are tentative identifications. The spectrum
also contains a number of SiH4 lines plotted in gray. The synthetic spectrum of C2H4 is plotted in blue (C2H4 only in Region II; Scenario
1, see Table 2) and red (C2H4 in Regions II and III; Scenario 2A). The P and S labels indicate the primary and secondary absorptions
(see text).
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TABLE 1
Non-free parameters in the fits of lines of C2H4
Parameter Units Value Ref.
D pc 123 1
α⋆ arcsec 0.02 2
R⋆ cm 3.7× 1013
M˙ M⊙ yr−1 2.1× 10−5 3
T⋆ K 2330 2
Rin R⋆ 5 3
Rout R⋆ 20 3
vexp(1R⋆ ≤ r < Rin) km s
−1 1 + 2.5(r/R⋆ − 1) 4
vexp(Rin ≤ r < Rout) km s
−1 11.0 3
vexp(r ≥ Rout) km s
−1 14.5 3
TK(R⋆ ≤ r < 9R⋆) K T⋆(R⋆/r)
0.58 5
TK(9R⋆ ≤ r < 65R⋆) K TK(9R⋆)(9R⋆/r)
0.40 5
TK(r ≥ 65R⋆) K TK(65R⋆)(65R⋆/r)
1.2 5
∆v(1R⋆ ≤ r < Rin) km s
−1 5 (R⋆/r) 6
∆v(r ≥ Rin) km s
−1 1 6
fAC % 95 3
fSiC % 5 3
τdust(11 µm) 0.70 4
Tdust(Rin) K 825 4
γdust 0.39 4
Note. — D: distance to the star; α⋆: angular stellar radius;
R⋆: linear stellar radius; M˙ : mass-loss rate; T⋆: stellar effective
temperature; Rin and Rout: position of the outer boundaries of
Regions I and II; vexp: gas expansion velocity; ∆v: line width;
fX: fraction of dust grains composed of material X; τdust: dust
optical depth along the line-of-sight; Tdust: temperature of dust
grains; γdust: exponent of the decreasing dust temperature power-
law (∝ r−γdust). References: (1) Groenewegen et al. (2012) (2)
Ridgway et al. (1988) (3) Fonfr´ıa et al. (2008) (4) Fonfr´ıa et al.
(2015) (5) De Beck et al. (2012) (6) Agu´ndez et al. (2012).
fixed to 500R⋆, a distance compatible with the position
where C2H4 is believed to be dissociated (e.g., Glassgold
1996; Gue´lin et al. 1997; Agu´ndez & Cernicharo 2006).
It is also large enough to prevent the uncertainties of
the synthetic absorption components of the lines and of
the calculated continuum emission to be above the noise
RMS of our data. The gas expansion velocity field, vexp,
comprises a linear increment between 1 and 11 km s−1
along Region I and two zones matching up with Regions
II and III where the gas expands at a constant veloc-
ity of 11 and 14.5 km s−1, respectively (Table 1). The
adopted line width is assumed to be 5 km s−1 at the
stellar photosphere, following the power-law ∝ 1/r up
to 5R⋆ and remaining equal to 1 km s
−1 further away
(Agu´ndez et al. 2012). The gas density and rotational
and vibrational temperature profiles are assumed to fol-
low the laws ∝ r−2v−1exp and r
−γ , respectively, where γ
could be different for the rotational and vibrational tem-
peratures. No dust has been considered to exist in Region
I. Throughout the rest of the envelope we have adopted
dust grains composed of amorphous carbon (AC) and
SiC with a size of 0.1 µm and a density of 2.5 g cm−3.
4.1. Fitting procedure
The fitting procedure is based on the minimization of
the χ2 function defined as
χ2 =
1
n− p
n∑
i=1
wi
[(
Fν
Fcont
)
obs,i
−
(
Fν
Fcont
)
synth,i
]2
,
(1)
where n and p are the number of frequency chan-
nels and free parameters involved in the fitting process,
(Fν/Fcont)synth and (Fν/Fcont)obs are the flux normalized
to the continuum for the synthetic and observed spec-
tra, and w is a weight included for convenience (see Sec-
tion 4.2). We assumed a number of physical parameters
related to the envelope model as fixed during the fitting
process (gas expansion velocity field, H2 density, kinetic
temperature, and terminal line width, among others; see
Tables 1 and 2). The physical and chemical quantities
related to C2H4 derived from the fits are the abundance
with respect to H2, the rotational temperature at 20R⋆,
and the exponent of the power-law followed by the rota-
tional temperature beyond 20R⋆. All of the free param-
eters have been varied until the whole set of lines has
been best fitted at the same time. The uncertainties of
the free parameters have been estimated by simultane-
ously varying all of them until the synthetic spectrum
departs at any frequency in more than the observational
errors from the best global fit.
4.2. Weighting the χ2 function
The strongest lines identified in the spectrum are
those with J . 15 (Fig. 1). The formation of
C2H4 in the different regions of the envelope could
be influenced by variations in the physical and chem-
ical conditions between the stellar photosphere and
≃ 50R⋆ (Fonfr´ıa et al. 2014, 2015), probably re-
lated to the binary nature of the central stellar sys-
tem (Cernicharo et al. 2015a, 2016; Decin et al. 2015;
Kim et al. 2015; Quintana-Lacaci et al. 2016). This
means that the difference between the strongest observed
and synthetic lines could be as large as the depth of the
absorption component of the weakest lines. This fact
could result in an underestimation of the importance of
the weakest lines (usually the highest excitation lines)
during the automatic fitting procedure. Thus, the ro-
tational temperature of the C2H4 enclosed by the inner
shells of Region III would be lower than the actual one,
being dominated by the temperature prevailing in the
outer envelope.
This situation can be solved by adopting the weight
w = 1/d2 for all the channels of each line, where d is the
depth of its absorption component. This choice gives a
comparable importance during the fitting process to the
weak lines formed at distances to the star . 30R⋆ and
the strong lines mostly formed beyond, resulting in a
more realistic rotational temperature profile. It is worth
noting that the fit to the strong lines and the derived
abundance profile throughout Region III are not signifi-
cantly affected by the chosen weight.
It is also convenient to use the so-called reduced χ2
function, χ2red, to numerically estimate the goodness of
the fits. Its definition involves a weight w = 1/σ2, where
σ is the uncertainty of the observed data, and the number
of degrees of freedom of the fit, usually defined as n− p,
where n is the number of points of the set to fit and p the
number of parameters varied during the fitting process.
In theory, χ2red approaches to 1 for a good fit to a set of
experimental data, adopting larger values for worse fits.
In practice, it is difficult to use χ2red to figure out the
actual quality of a given fit but it can be used to compare
different fits (e.g., Taylor 1997; Tallon-Bosc et al. 2007).
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TABLE 2
Derived Parameters
Parameter Units Value Error Value Error Value Error
Scenario 1 Scenario 2
Case A Case B
χ2
d
×10−2 4.97 — 3.84 — 3.92 —
χ2red 7.02 — 3.80 — 4.08 —
x(R⋆ ≤ r ≤ R
−
in) ×10
−8 0.0 — 0.0 — 0.0 —
x(r = R+in) ×10
−8 0.0 — 6.9 +1.9/− 1.8 0.0 —
x(r = R−out) ×10
−8 0.0 — 11.0 +3.3/− 2.6
x(r ≥ R+out) ×10
−8 8.2 +1.1/− 1.2 8.2 +1.3/− 1.1 8.2 +1.3/− 1.0
Trot(R⋆) K 2330
∗ — 2330∗ — 2330∗ —
Trot(Rin) K 916
∗ — 916∗ — 916∗ —
Trot(Rout) K 370 +60/ − 80 380 +65/− 60 380 ±60
γrot 0.54 ±0.04 0.54
† — 0.54† —
Tvib(R⋆) K 2330
‡ — 2330‡ — 2330‡ —
Tvib(Rin) K 500
‡ — 500‡ — 500‡ —
Tvib(Rout) K 315
‡ — 315‡ — 315‡ —
γvib 1.0
‡ — 1.0‡ — 1.0‡ —
Ncol(R
+
in ≤ r ≤ R
−
out) ×10
15 cm−2 0.0 — 5.8 +1.6/− 1.5 2.5 +0.8/− 0.6
Ncol(r ≥ R
+
out) ×10
15 cm−2 1.66 +0.22/ − 0.24 1.67 +0.26/− 0.22 1.67 +0.26/ − 0.20
Ncol,total ×10
15 cm−2 1.66 +0.22/ − 0.24 7.5 +1.9/− 1.7 4.2 +1.1/− 0.8
Note. — χ2
d
and χ2red: minimum of the χ
2 function (Eq. 1) assuming the weights w = 1/d2 and 1/σ2,
where d is the depth of each line and σ is the noise RMS of the spectrum (χ2red is the reduced χ
2 function); x:
abundance relative to H2; R
+
in and R
−
in: Rin approached from Region II and Region I, respectively; R
+
out and R
−
out:
Rout approached from Region III and Region II, respectively; Trot: rotational temperature; γrot: exponent of the
rotational temperature power-law outwards from R+out (∝ r
−γrot); Tvib: vibrational temperature derived from
band ν7; γvib: exponent of the vibrational temperature power-law outwards from Rout (∝ r
−γvib ); Ncol: C2H4
column density calculated with the parameters derived from the best fits to the observations. The parameters for
which no uncertainty has been provided (—) were assumed as fixed during the whole fitting process. The errors
are 1-sigma uncertainties for all the parameters. ∗This rotational temperature was fixed to the kinetic temperature
derived by De Beck et al. (2012). †This value was fixed to the result derived from the fit to the observed lines
assuming Scenario 1. ‡The vibrational temperature for C2H4 was fixed to the vibrational temperature derived by
Fonfr´ıa et al. (2008) from the analysis of the C2H2 lines of band ν5. A blank cell contains the same value than the
immediately upper cell.
4.3. Deviations of the synthetic spectrum from the
observed one
The fit to the observed spectrum was improved by
slightly shifting the frequency of several observed C2H4
lines. All of these shifts are smaller than 2.5 km s−1
(≃ 0.007 cm−1) depending on the chosen model (see Sec-
tion 5.1). These differences can be explained by the spec-
tral resolution of our data, estimated to be ≃ 3 km s−1.
However, the deviation between the synthetic and ob-
served profiles of some lines such as, e.g., 11,0 − 00,0 and
81,8 − 80,8 (2 and 3.5 times smaller and larger, respec-
tively), are unexpectedly large while other lines involv-
ing ro-vibrational states with similar or intermediate en-
ergies are well reproduced (e.g., 21,2 − 20,2, 60,6 − 61,6,
91,9 − 90,9). The observed feature identified as line
11,0 − 00,0 could be stronger than expected due to an
unnoticed blending with other unknown lines or a cold
contribution not included in our model. Nevertheless,
the fact that the observed 81,8 − 80,8 line is weaker than
the synthetic one while other lines formed in the same re-
gion of the envelope are better reproduced suggests that,
probably, the baseline was not well removed around this
line. This problem usually appears when the number
of molecular features in the vicinity of the target line is
high, hiding the actual baseline.
5. RESULTS AND DISCUSSION
About 35% of the detected lines have well enough de-
fined profiles to be fitted. Most lines show an absorp-
tion component. A systematic emission component is
not obvious in the data. Some lines showing a possible
emission component are probably affected by the baseline
removal. The absorption component of the strong lines
is usually dominated by a deep, narrow contribution at
≃ −14 km s−1 (primary absorption, P in the insets of
Fig. 1), presumably caused by the gas expanding at the
terminal velocity, and a red-shifted weaker contribution
(secondary absorption, S in the insets of Fig. 1). These
secondary absorptions could be argued to be other lines
of the same band or of a hot band. In fact, some strong
lines of the ν7 band are accompanied by close, weaker
lines of the same band that influence their profiles. How-
ever, these C2H4 line sets are not so common and the
frequency shift between the primary and the secondary
absorptions remains nearly constant for every observed
strong line. This would be an unexpected behavior if
the secondary absorptions were other C2H4 lines. The
Doppler velocity of the secondary absorptions is more
compatible with the features produced by the gas in Re-
gion II expanding at ≃ 11 km s−1. This reasoning is
supported as well by the existence of weak lines involv-
ing ro-vibrational levels with energies up to ≃ 800 cm−1
(≃ 1150 K) that are expected to be significantly ex-
cited inwards from ≃ 20R⋆, where the kinetic temper-
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Fig. 2.— Ro-vibrational diagram of the observed C2H4 lines. The
lines are separated into two different groups: warm lines (blue dots)
and hot lines (red triangles). The warm lines are those involving
lower ro-vibrational levels with energies below 177 K. The hot lines
involve lower levels with higher energies. These groups of lines were
linearly fitted separately following Eq. 2 to derive their rotational
temperatures, Trot, and their column densities, Ncol.
ature is & 470 K (De Beck et al. 2012). On the other
hand, the lack of an evident emission component in the
observed lines and, particularly, in lines involving lower
ro-vibrational levels with energies & 1200 K suggest that
the C2H4 abundance is negligible from the stellar surface
up to the middle shells of Region II (≃ 10− 15R⋆). This
spatial distribution is roughly consistent with the pre-
dicted by thermodynamical chemical equilibrium mod-
els (e.g., Cherchneff & Barker 1992), which suggest that
C2H4 reaches a significant abundance in shells with a ki-
netic temperature & 1000 K (closer to the star than 5R⋆
in our envelope model).
A quantitative analysis can be obtained through a
ro-vibrational diagram (see Fig. 2). In this plot, we
take advantage of the absence of an emission compo-
nent of the lines. When such emission is present, it
overlaps the absorption component of the profile requir-
ing the application of complex envelope models to de-
rive reliable information about the circumstellar gas (e.g.,
Keady et al. 1988; Keady & Ridgway 1993; Boyle et al.
1994; Fonfr´ıa et al. 2008, 2015). The general weakness
of the observed C2H4 lines, with depths of their absorp-
tion components below ≃ 1% of the continuum, suggest
that they are all optically thin and the following formula
holds:
ln
[
Iν28pic
AulguNcol,0
]
≃ ln
[
Ncol
Ncol,0Z
θ2s
θ2s + θ
2
b
]
−
hcElow
kBTrot
(2)
where ν is the rest frequency of each line (cm−1), I is
the integral of the normalized flux absorbed by each
line over the frequency (
∫
line (1− Fν/Fcont) dν; cm
−1),
Aul the A-Einstein coefficient of the transition (s
−1), gu
the degeneracy of the upper level of the transition, Z
is the partition function, c the velocity of light in vac-
uum (cm s−1), Ncol the column density of C2H4 (cm
−2),
Elow the energy of the lower ro-vibrational level involved
in the transition (cm−1), h and kB are the Planck and
Boltzmann constants, and Trot the rotational tempera-
ture (K). Ncol,0 = 10
15 cm−2 is a fixed column density
included for convenience to get a dimensionless argument
for the logarithms. In this equation, we assume the rota-
tional temperature is low enough that e−hcν/kBTrot ≪ 1.
The factor θ2s/(θ
2
s+θ
2
b ), where θs is the angular size of the
source and θb the HPBW of the IRTF (≃ 0.
′′9 at 10.5 µm),
accounts for the effect of the size differences between the
source and the main beam of the PSF. The size of the
source can be roughly estimated with the aid of our code
assuming the parameters of Table 1 and that ethylene is
under LTE. This approximation gives that θs ≃ 1.
′′9±0.′′2,
which means that θ2s/(θ
2
s + θ
2
b ) ≃ 0.82± 0.03.
The data plotted in Fig. 2 suggest that the observed
lines belong to two different populations. We will refer
to them as warm and hot lines, hereafter. The data re-
lated to each population were separately fitted adopting
the typical weight based on the statistical uncertainties
of the line intensities. The warm lines involve lower ro-
vibrational levels with energies below ≃ 180 K and show
a rotational temperature of 105± 30 K, compatible with
the preliminary result proposed by Hinkle et al. (2008).
Adopting the envelope model described in Section 4 and
LTE, these lines would be mostly formed at distances
to the star of ≃ 125 − 200R⋆ (≃ 2.
′′5 − 4.′′0). On the
other hand, the hot lines are formed in shells where the
physical conditions favor a higher rotational temperature
(Trot = 400± 80 K). Thus, these shells would be located
at ≃ 20− 50R⋆ (≃ 0.
′′4− 1.′′0) from the star. This means
that the existence of a significant abundance of C2H4 in
Region I, i.e., between the stellar photosphere and 5R⋆,
can be ruled out. The total column density derived from
the ro-vibrational diagram is (6.5±1.7)×1015 cm−2 com-
patible with the rough estimations by Betz (1981) and
Goldhaber et al. (1987), i.e., ∼ 1016 and 4 × 1015 cm−2,
respectively, which are affected by an error of one order
of magnitude. About 75% of the C2H4 column density
is enclosed by the shell at 20R⋆ while only ≃ 25% of it
is related to the ethylene spread at larger distances.
5.1. Abundance with respect to H2
In order to describe the C2H4 abundance profile we
attempted a synthesis of the observed lines assuming two
different scenarios: (1) C2H4 only exists in Region III and
(2) C2H4 exists in Regions II and III. Scenario 2 is further
broken down into two sub-scenarios, A and B, where
we assumed that the abundance is constant throughout
Regions II and III (Scenario 2A) and it is constant in
Region III, growing linearly from 0 across Region II up
to an abundance that could be different than that of
Region III (Scenario 2B). In both Scenarios 2A and 2B
the abundance was not necessarily a continuous profile.
The results of the analysis of all these scenarios can be
found in Table 2.
The synthetic spectrum that fits the observations worst
is from Scenario 1 with χ2red ≃ 7.0 (see Table 2). This sce-
nario is capable of reproducing fairly well the primary ab-
sorption of the observed lines but it fails to describe their
secondary absorptions and the high excitation lines. Sce-
narios 2A and 2B explain better the shape of the strong
lines by adding a secondary absorption, reproducing at
the same time the high excitation lines. The synthetic
spectra calculated for both show an average χ2red ≃ 4.0,
significantly smaller than for Scenario 1. None of these
scenarios are able to fit the observations with χ2red ≃ 1.0,
which would mean a perfect correlation between the ob-
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servations and the synthetic spectrum. This fact indi-
cates that the actual abundance distribution is likely
more complex than we have assumed here. The shape of
the secondary absorption of the strongest lines, which are
usually deeper and narrower than seen in the synthetic
spectra, might indicate that the solid angle subtended
by the absorbing region around 20R⋆ is smaller than ex-
pected for a spherically symmetric abundance distribu-
tion. Consequently, there is an absorption deficit close to
the systemic velocity (0 km s−1 in the insets of Fig. 1) in
the observed lines with respect to the synthetic features.
This asymmetry in the abundance distribution could be
related to those that Fonfr´ıa et al. (2014) invoked to ex-
plain the high angular resolution interferometer observa-
tions of H13CN, SiO, and SiC2 at 1.2 mm or to the small
scale features related to the spiral structure recently
found in the envelope of IRC+10216 (Cernicharo et al.
2015a, 2016; Quintana-Lacaci et al. 2016).
The C2H4 abundance with respect to H2 throughout
Region III derived from our best fit is (8.2± 1.3)× 10−8
for all the Scenarios (1, 2A, and 2B; see Figure 3),
which means a column density of (1.7±0.3)×1015 cm−2.
This column density is in very good agreement with
the value derived from the linear fit to the warm lines
in the ro-vibrational diagram [(1.7 ± 0.4) × 1015 cm−2;
Fig. 2]. The C2H4 abundance profile in Region II can
be roughly explained by the two Scenarios 2A and 2B.
Although Scenario 2A best reproduces the observations
with χ2red ≃ 3.8, the synthetic spectrum calculated as-
suming Scenario 2B shows a χ2red only 7% higher. The
abundance derived from Scenarios 2A and 2B in Region
II are compatible. However, Scenario 2B enhances the
absorption of lines involving low energy ro-vibrational
levels formed in the outer shells of Region II at the ex-
pense of the absorption of higher excitation lines, formed
closer to the star. Scenario 2A results in stronger high
excitation lines but the difference with the same lines
calculated with Scenario 2B is always below the noise
RMS of the observed spectrum. These facts suggest
that both Scenarios are similarly possible and we are
barely sensitive to the absorption produced in the in-
ner half of Region II. The column density in Region
II derived from the hot lines of the ro-vibrational dia-
gram [(4.8 ± 1.3) × 1015 cm−2; Fig. 2] is between the
values derived from Scenarios 2A and 2B [(5.8 ± 1.6)
and (2.5±0.8)×1015 cm−2, respectively; Table 2], which
indicates that the best scenario seems to be closer to Sce-
nario 2A, although it could also be a mix of both since
the differences are not particularly significant. Thus, the
actual abundance could be constant in the outer half (or
a larger fraction) of Region II, linearly increasing in the
inner half. In any case, the resulting spectrum would
differ to those derived from Scenarios 2A and 2B in less
than the noise RMS and would not throw any further
light on the problem.
In a circumstellar envelope of an AGB star with
a ratio C/O ≃ 2, such as IRC+10216 (e.g.,
Agu´ndez & Cernicharo 2006), C2H4 is expected to form
under thermal equilibrium (TE) near the stellar photo-
sphere with a very low abundance with respect to H2
(∼ 10−15; e.g., Cherchneff & Barker 1992). The abun-
dance increases when the kinetic temperature decreases
reaching a terminal value that keeps constant up to
Fig. 3.— Ethylene abundance with respect to H2. The profiles
derived for Scenarios 1, 2A, and 2B are plotted in red (solid, dash-
dotted, and dashed, respectively). A synthetic profile calculated
with a chemical model under TE (see text) is plotted in blue. The
adopted gas expansion velocity profile is plotted in green.
TABLE 3
Previous estimates of the terminal C2H4
abundance/column density
x
(×10−8)
Ncol,total
(×1015 cm−2)
Method Reference
5.5∗ − 8.2 4.2− 7.5 Obs. 1
10 10 − 100 Obs. 2
1− 2† 4− 40 Obs. 3
30‡ — Model 4
0.1 — Model 5
0.2 0.001 Model 6
Note. — x: maximum terminal C2H4 abundance with re-
spect to H2; Ncol,total: total C2H4 column density; Method:
derived from observations (Obs.) or from a chemical model
(Model); References: (1) This work (beyond 20R⋆) (2) Betz (1981)
(3) Goldhaber et al. (1987) (4) Cherchneff & Barker (1992) (5)
Doty & Leung (1998) (6) Millar et al. (2000). ∗This value is the
average abundance of Scenario 2B. †This value has been cal-
culated with the aid of the CO abundances with respect to H2
adopted by Keady et al. (1988) and De Beck et al. (2012). ‡This
abundance corresponds to a C-rich AGB star with C/O ≃ 1.5−3.0.
the outer envelope, where C2H4 is dissociated by the
Galactic UV radiation. The position where the termi-
nal abundance is reached and its value are hard to cal-
culate since the thermal equilibrium condition seems to
hold only from the stellar photosphere up to ≃ 3 − 7R⋆
(Cernicharo et al. 2010, 2013; Fonfr´ıa et al. 2014). Ki-
netic chemistry models required to make predictions at
larger distances from the star are substantially affected
by the uncertainties related to the kinetic constants in-
volved in the chemical reaction network and the com-
plexity of the calculations.
There are only a few estimates for the C2H4 column
density or the abundance with respect to H2 derived
from observations or calculated using chemical models
for IRC+10216 in the literature to compare with our re-
sults (see Table 3). The lower limit of the column density
derived by Betz (1981) and Goldhaber et al. (1987) are
compatible with our results within a factor of 2. These
authors considered an error of one order of magnitude to
account for the effect of the dust emission on the C2H4
lines. However, this uncertainty is too big because the
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optical depth of the dust is ≃ 0.75 at ≃ 10.5 µm (Ta-
ble 1). In fact, this effect exists but it is much less im-
portant than they considered. The chemical model by
Millar et al. (2000) gives a very low column density in
part because their model produces ethylene in the outer
envelope, where the gas density is orders of magnitude
lower than at in the inner layers of the CSE. This is the
same reason that the abundance with respect to H2 pre-
dicted in Millar et al. (2000) and Doty & Leung (1998)
are about two orders of magnitude lower than ours.
The peak abundance calculated by Cherchneff & Barker
(1992) for a C-rich AGB star with C/O ≃ 1.5− 3.0 and
assuming TE is a factor of 4 to 6 higher than our es-
timate. This disagreement could be related to the fact
that their envelope model represents a typical AGB star
different than IRC+10216. However, our abundance is
in good agreement with that proposed by Betz (1981),
although these authors only estimated the order of mag-
nitude. Interestingly, despite the compatibility existing
between the column density derived in the current work
and that of Goldhaber et al. (1987), the abundance pro-
posed by these authors is at least 3 times lower than
ours. This disagreement can be explained by the fact
that they did not have any data related to the hot lines
with a Trot = 400 K that we have been able to detect
due to the high S/N of our observed spectrum.
The comparison between the abundance of C2H4 with
respect to H2 and/or the column density we derive,
and the results of the chemical models indicates that
the ethylene formation process in IRC+10216 is still
not well understood. The C2H4 abundances derived by
Doty & Leung (1998) and Millar et al. (2000) are be-
tween one and two orders of magnitude lower than the
observational results (Table 3). Additionally, these mod-
els suggest that ethylene is formed somewhere in the
outer envelope while our observations reveal that it hap-
pens much closer to the central star. The differences be-
tween the model of the envelope used for these chemical
kinetics calculations and the one adopted here (e.g., our
mass-loss rate is lower by a factor of ≃ 2− 3) is unlikely
to be the reason of the discrepancy concerning C2H4. To
our knowledge, no thermochemical equilibrium model of
the surroundings of the star has provided predictions on
the abundance of C2H4 in IRC+10216. We have there-
fore carried out TE calculations for IRC+10216 to check
if the general predictions of Cherchneff & Barker (1992)
can be improved for the particular case of IRC+10216,
fitting better our observational results.
The chemical model we have adopted is the same that
Fonfr´ıa et al. (2014) used to explain the abundances of
H13CN, SiO, and SiC2 in the inner layers of IRC+10216
derived from high spatial resolution observations. The
resulting C2H4 abundance profile is compared with the
abundance we derive from the observations in Figure 3.
Unlike what happens for H13CN, SiO, and SiC2, that
reach maximum abundances within ≃ 3 − 4R⋆ from
the star, the predicted peak abundance of C2H4 oc-
curs somewhat farther from the star, at ≃ 9R⋆, in
very good agreement with our observational results. In
addition, this model improves the general results by
Cherchneff & Barker (1992) indicating that it works rea-
sonably well for abundant molecules (e.g., HCN or SiC2)
and for molecules such as C2H4 with an abundance as
low as ∼ 10−8 − 10−7.
On the other hand, the predicted peak abundance is
more than 4 times higher than the value we derive from
observations and the chemical model indicates that ethy-
lene should vanish in a few stellar radii, something that
does not happen according to our observations. This lat-
ter fact can be explained in terms of a freeze out of the
TE abundance of C2H4 at radii beyond ≃ 9R⋆ as a con-
sequence of the slow down of chemical reactions induced
by the decrease in density and temperature. It still re-
mains to be demonstrated whether chemical kinetics can
actually be at work at distances from the star as large as
≃ 9R⋆ to drive the abundance of C2H4 to values of the
order of 10−7 relative to H2. Although observations of
ethylene indicate that TE does indeed hold up to ≃ 9R⋆,
a detailed chemical kinetics model dealing with the in-
nermost circumstellar regions of IRC+10216 would be
needed to shed light on this point from the theoretical
point of view.
5.2. Vibrational and rotational temperatures
The vibrational temperature controls the number of
molecules in the upper vibrational state, having a direct
effect on the overall emission of the whole fundamental
band ν7 and on the absorption component of the corre-
sponding hot and combination bands (e.g., Fonfr´ıa et al.
2015). Hence, the absence of an obvious emission compo-
nent in the observed lines and of lines of hot and combi-
nation bands above the detection limit prevents us from
estimating this temperature. The inner limit of the re-
gion of the envelope where C2H4 is formed is too far
from the star to allow for the development of significant
emission components and high excitation lines. In this
situation, the best choices are (1) to assume that C2H4
is under vibrational LTE or (2) to adopt the vibrational
temperature profile of other molecules. It was shown that
molecules such as HCN, C2H2, and SiS (Fonfr´ıa et al.
2008, 2015) are vibrationally out of LTE away from sev-
eral stellar radii from the stellar photosphere so we ex-
pect this to happen to C2H4 as well. This is supported
by the fact that the collisional rate coefficients involved
in ro-vibrational transitions are expected to be several
orders of magnitude smaller than in pure rotational tran-
sitions (e.g., Tobo la et al. 2008).
Hence, a realistic approach would be to adopt the vi-
brational temperature of the IR active C2H2 fundamen-
tal band ν5. This is a reasonable choice since the adop-
tion of a vibrational temperature only 10% higher pro-
duces lines with a small though significant emission com-
ponent, unobserved in our data. The inaccuracy associ-
ated with this choice has implications on the uncertain-
ties of the abundance, which are larger than showed in
Table 2. A variation of 10% of the vibrational temper-
ature at 5 or 20R⋆ modifies the abundance in ≃ 2 and
5%, respectively, while the same relative change of the
exponent γvib results in a negligible variation of 0.5% of
the abundance. Hence, an accurate determination of the
C2H4 abundance would require a better estimation of the
vibrational temperature mainly between 10 and 20R⋆.
The rotational temperature, Trot, was fixed to the ki-
netic one, TK, at 5R⋆, where the C2H4 abundance proba-
bly is very low and we have no reliable information about
the excitation. However, the rotational temperature at
20R⋆ can be properly determined from the fits to the
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Fig. 4.— Kinetic, vibrational, and rotational temperatures
throughout the region of the envelope where the observed C2H4
lines seem to be formed. The kinetic temperatures TK,i (black)
were taken from (1) De Beck et al. (2012), (2) Agu´ndez et al.
(2012), (3) Scho¨ier et al. (2007), and (4) Boyle et al. (1994). The
vibrational temperature Tvib (blue) for the C2H4 ν7 band was as-
sumed to be equal to the vibrational temperature for the ν5 band of
C2H2 (Fonfr´ıa et al. 2008). The rotational temperature Trot (red)
has been derived from our analysis. The 1σ error interval of Trot
has been plotted as a striped region.
observations adopting a value of ≃ 380 K with an un-
certainty of ≃ 15% (Table 2). Beyond this position, our
best fit results in a power-law dependence ∝ r−0.54. A
decrease of 50% in the rotational temperature at 5R⋆
only introduces changes in the synthetic spectrum up to
the noise level (σ = 0.05%) so that the rotational tem-
perature at 20R⋆ remains unaffected. The comparison
between the rotational and the kinetic temperatures by
De Beck et al. (2012) suggests that C2H4 could be ro-
tationally out of LTE (Figure 4). However, if we com-
pare Trot with TK taken from other works (Boyle et al.
1994; Scho¨ier et al. 2007; Agu´ndez et al. 2012), the 1σ
error intervals of Trot and the actual TK are overlapped.
Thus, the deviation of the rotational temperature to the
kinetic one is not significant and C2H4 can be assumed
rotationally under LTE, as it is expected for a symmetric
molecule with no permanent dipole moment.
This rotational temperature, that we have concluded
to be very similar to the actual kinetic temperature, al-
lows us to refine the zones of the envelope where the
bulk absorption of the warm and hot lines found in the
ro-vibrational diagram (Fig. 2) arise. The warm lines,
with an average rotational temperature of 105 ± 30 K,
are mostly formed between 135 and 400R⋆ while the
hot lines, with an average rotational temperature of
400± 80 K, are formed between 14 and 28R⋆.
5.3. Ethylene and dust
Although the abundance profile in Region II derived
from Scenario 2A is too rough to get information about
the C2H4 depletion onto the dust grains, Scenario 2B
suggests that it might happen at 20R⋆ with at most 25%
of the abundance with respect to H2 in the outer shells
of Region II (≃ 1.1×10−7). This means that the density
of C2H4 molecules in these shells that could condense is
up to 0.9 cm−3, implying an upper limit for the column
density along 1R⋆ of ≃ 3.3 × 10
13 cm−2. Thus, a 1R⋆
width shell with a radius of 20R⋆ contains up to 2.3×10
44
C2H4 molecules, i.e., 1.1× 10
22 g of ethylene. Assuming
that the total mass ejected from the star in form of dust is
≃ 2.5× 10−8 M⊙ yr
−1 (De Beck et al. 2012; Decin et al.
2015), there is about 4.6 × 1025 g of dust in the shell
defined above. Hence, the possible contribution of C2H4
to the dust mass around 20R⋆, where the gas seems to be
accelerated from 11 to 14.5 km s−1, would be . 0.025%
corresponding to an increment of the size of the dust
grains . 0.02%. This negligible growth cannot affect
the gas and dust acceleration but the C2H4 condensation
could enrich the chemistry on the surface of the grains.
6. SUMMARY
High resolution observations (R ≃ 100, 000) of the
C2H4 band ν7 found in the ≃ 10.5 µm spectrum of
IRC+10216 have been analyzed. Eighty C2H4 lines were
found in the observations above the 3σ (≃ 0.15% of the
continuum) detection limit. Of these lines about 35%
are unblended or partially blended allowing for a detailed
analysis of their profiles with a rotational diagram and
the code developed by Fonfr´ıa et al. (2008).
From these analyses, we conclude that:
• The C2H4 lines can be divided into two groups
with significantly different rotational temperatures:
a hot group with an rotational temperature of
≃ 400 K composed of lines located between ≃ 14
and 28R⋆ and a warm group with an rotational
temperature of ≃ 105 K composed of lines mostly
produced between ≃ 135 and 400R⋆. No evidence
of C2H4 closer to the star than ≃ 10R⋆ was found.
• The C2H4 abundance profile with respect to H2
is compatible with an average value of 6.9 × 10−8
between 5 and 20R⋆ and a terminal abundance of
8.2×10−8 beyond 20R⋆. This last value is at least 4
times larger than the chemical models predict. The
terminal abundance seems not to depend on the
chosen profile but the abundance closer to the star
is probably more complex that we assumed, involv-
ing its growth between 5 and 10R⋆. The total C2H4
column density ranges from 4.2 to 7.5×1015 cm−2.
• The rotational temperature derived from the fits
to the observed lines is equal to the kinetic tem-
perature at 5R⋆ (≃ 915 K) and ≃ 380 K at 20R⋆,
below the kinetic temperature (≃ 475 K). At larger
distances from the star the rotational temperature
follows the power-law ∝ r−0.54. C2H4 can be con-
sidered rotationally under LTE throughout the re-
gion of the envelope traced with our observations.
• The vibrational temperature of the C2H4 band ν7
is unknown but it could be assumed to be similar
to that of the C2H2 band ν5. In all cases, the good
fits achieved with this temperature suggests that
C2H4 is vibrationally out of LTE.
• A fraction of the gas-phase C2H4 could condense
onto the dust grains around ≃ 20R⋆. The dust
grains barely grow due to this depletion and no
significant influence on the gas acceleration is ex-
pected to happen but the adsorbed C2H4 molecules
could affect the chemistry evolution in the surface.
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